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Open access under CC Polymers offer the advantage that they may independently combine desirable supramolec-
ular structure with useful local monomeric properties to yield optimal performance of dif-
ferent tasks. Here we utilise the remarkable lubricating properties both of dense polymer
brushes, and of hydration sheaths about charges via the emerging paradigm of hydration
lubrication, to design a grafted-from polyzwitterionic brush system, where each of the
monomers has a structure similar to the highly-hydrated phosphorylcholine headgroups
of phosphatidylcholine lipids. Such polyzwitterions are grown from a macroinitiator coat-
ing the substrate (mica) surface using atom transfer radical polymerisation (ATRP) of 2-
(methacryloyloxy)ethyl phosphorylcholine (MPC) to form exceptionally robust poly(MPC)
brushes. We have characterized these brush layers via X-ray reﬂectometry, X-ray photo-
electron spectroscopy, surface forces measurements and atomic force microscopy. Such
brushes, designed to optimise their lubrication properties, are indeed found to provide
state of the art boundary lubrication, achieving friction coefﬁcients as low as 0.0004 at
pressures up to 75 atmospheres over a wide range of sliding velocities. Such low friction
is comparable with that of articular cartilage in healthy mammalian joints, which repre-
sents nature’s benchmark for boundary lubrication in living organisms, and suggests that
hydration lubrication plays a major role in reducing friction in biological systems.
 2010 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Polymers offer the advantage that they may indepen-
dently combine desirable supramolecular structure with
useful local monomeric properties to yield optimal perfor-
mance of different tasks. Polymer brushes are a particular
example of such supramolecular assemblies, which have
become a widely-used means for modifying surface prop-
erties. Such brushes are an assembly of non-adsorbing
polymer chains end-grafted to surfaces at a sufﬁcientlyr and Gamble Tech-
nggang Development
Chen), jacob.klein@
of Bristol, Bristol BS8
BY-NC-ND license.high grafting density in a good solvent. They have attracted
considerable attention since the discovery of their excep-
tional performance, in contrast with adsorbed polymers,
in colloidal stabilization [1,2] due to strong osmotic repul-
sion between opposed brushes combined with the absence
of bridging. Subsequent work led to the concept that such
nanometer-scale brushes can act as an efﬁcient lubricant in
friction and wear processes, especially at the pressures and
aqueous environment typical of frictional processes in bio-
logical systems, such as sliding of one tissue over another,
which is common in articular cartilage of mammalian
joints and cornea tissue. Lubrication and wear properties
of some model systems for polymer brushes [3–7] have
been studied using the surface force balance (SFB) tech-
nique, as it is believed that understandings of underlying
friction mechanisms achieved in this way can be largely
applied to real biological situations.
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‘grafting to’ and ‘grafting from’ approaches have been
employed. ‘Grafting to’ involves tethering of preformed,
non-adsorbing, end-functionalised polymer chains onto
surfaces by one end, which can be divided into two groups
– physical and chemical grafting, depending on the nature
of the interaction between their end-groups and sub-
strates. Physical grafting (or physigrafting) refers to chain
anchoring via hydrophobic attraction [8], dipole–dipole
interaction [9], charge–charge interaction [5], or using di-
block copolymers in a selective solvent [9,10]. Chemical
grafting concerns the formation of chemical bonds be-
tween functionalised chain ends and reactive groups at-
tached to surfaces, for example, via photochemical
reaction [11]. The mechanism for irreversible deposition
of polymer chains via silane chemistry [12,13] or
thiol–gold interaction [14] is unclear and regarded as
between physical and chemical grafting. Typical examples
are summarised in Fig. 1.
However, both physical and chemical grafting methods
suffer from kinetic limitations, and it is difﬁcult to obtain
dense brushes as it takes a long time for free chains to dif-
fuse to the substrate through the potential barrier pre-
sented by the existing end-tethered chains [15].
Physigrafting results in weak chain anchoring, which has
caused a general problem in previous surface force mea-
surements between polymer brushes prepared in this
way. Simply stated, this is that at the highest compressions
and therefore highest frictional forces between the sur-
faces, the surface-attached brushes can slide across or en-
tirely detach from the surfaces, because the adhesive
interactions at the end of each chain are insufﬁcient to an-
chor it ﬁrmly enough to the surface. Thus, Klein et al. [4]
observed an erratic stick–slip shear behavior at the highest
compressions, which suggests a shift of slip-plane from the
mid-plane to the polymer–substrate interface arising from
sufﬁciently high viscous dissipation in heavily entangled
polymer layers and weak attachment of zwitterionic end-
groups onto mica. Raviv et al. [6] reported that brushes
of charged polymers attached to surfaces rubbing across
an aqueous medium can deliver superior lubrication com-
pared to other polymeric surfactants. Effective friction
coefﬁcients with this polyelectrolyte brush in water are
lower than about 0.0006–0.001 up to loads corresponding
to a mean pressure of a few atmospheres (P  0.3 MPa).
This is indeed comparable with the friction between artic-
ular cartilage surfaces in human synovial joints, for which+ -
R3O
Fig. 1. Examples of polymer chains grafted to surfaces to form brushes via (fro
chemistry and multi-point electrostatic interaction.l < 0.002, but the maximum pressure is far below the
physiological pressures (up to 5 MPa or more) at natural
synovial joints. The sharp increase in friction above the
maximum pressure is due to the shearing away from the
intersurface gap of most conﬁned chains that are only
weakly end-attached to the surface. These studies show
insufﬁciently strong anchoring of physigrafted brushes,
which limits their lubricating performance and also limits
our exploration of friction mechanisms of polymer brushes
in the high pressure regime. Therefore, the ‘grafting to’ ap-
proach cannot provide dense, strongly anchored polymer
brushes, and ‘grafting from’ should be used for the purpose
of designing a robust brush that can effectively provide
good lubrication and wear properties to the surface even
at high loads.
‘Grafting from’ consists of two steps, attachment of ini-
tiators onto surfaces and subsequently, polymer growth
from initiator sites monomer by monomer via covalent
bonding. This can lead to much stronger anchoring and
give another advantage that the polymer conformation
can be easily tuned via varying the initiator surface density
and the polymerisation time. In this study, zwitterionic
polymer brushes, poly(2-(methacryloyloxy)ethyl phospho-
rylcholine) (pMPC), have been directly grown from planar
mica pre-coated with macroinitiator using atom transfer
radical polymerisation (ATRP). ATRP was ﬁrst discovered
by Matyjaszewski [16] and Sawamoto [17] in 1995, which
reversibly generates free radicals via catalysis by transi-
tion-metal complex to continuously promote monomer
addition. A surface-initiated ATRP system [18–21] in the
absence of free initiator is typically composed of monomer,
surface-bound initiator, activator/deactivator formed by
transition-metal salts complexed with ligand, solvent and
reaction conditions (e.g., temperature and inert atmo-
sphere) as well as some additives if necessary. The synthe-
sis is implemented in two processes that are initiator
immobilisation and polymer growth by ATRP from initiat-
ing sites.
Polyzwitterionic brushes are usually hydrated due to
the charged segments, similar to polyelectrolyte brushes,
and pMPC is especially hydrated due to its phosphorylcho-
line (PC) headgroups with water molecules tightly bound
to its phosphate group in the primary hydration shell
[22]. The combination of ‘grafting from’ strategy and highly
hydrated pMPC polyzwitterionic brushes can allow the
idea of hydration as the lubrication mechanism to be well
tested using the SFB. Classical lubrication mechanisms forOR1
Si OR2
m left to right) hydrophobic attraction, dipole–dipole interaction, silane
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conﬁgurational entropy [23]. The excluded volume effect
between monomers can suppress the mutual inter-
penetration of two compressed brushes leaving an
unentangled and therefore rather ﬂuid interface. In the
case of polyelectrolyte brushes, the interpenetration is
even more limited due to an additional contribution to
the osmotic pressure from free counterions within the
brush [6]. The origin of the very efﬁcient lubrication and
extremely low friction afforded by charged polymer
brushes is also attributed to the hydration sheaths about
the charges. The tenacity of the hydration sheaths bound
to the charges, and the ﬂuidity of the hydrating water are
the two main reasons why the hydration effect can give
rise to their excellent lubrication properties [24]. This
hydration lubrication mechanism has not been speciﬁcally
tested yet until recently [25], due to the inaccessibility of
the extreme load regime of surface pressures (up to several
MPa). Under these pressures (comparable to pressures in
mammalian joint lubrication), friction measurements
should be able to explicitly indicate if hydration really
plays the dominant role in polymer-mediated lubrication,
as the entropic effects become weakest at the highest com-
pressions. Thus, strengthening the brush anchoring is a
prerequisite for the test of hydration hypothesis, and this
can be fulﬁlled by the in situ polymerisation (i.e., ‘grafting
from’). In this article we elaborate on brief earlier reports
[25,26] of how this was achieved, to demonstrate a partic-
ular instance of how optimal properties – of extremely efﬁ-
cient boundary lubrication in this case – may be achieved
by synthetic design at the molecular level.2. Experimental
2.1. Materials for force measurements and polymer synthesis
Hydrogen peroxide (30%), concentrated sulphuric acid
(98%), nitric acid (70%) and toluene (analytical grade) were
supplied by Fisher Scientiﬁc, UK and used as received. Eth-
anol (absolute, Riedel-de Haën) was supplied by Sigma–
Aldrich and dispensed through a 0.45 lm pore-sized
polyethersulphone membrane ﬁlter from a pressure rinser
(Pall Corporation, USA). Pure water was obtained after
treatment with a RiOs5™-MilliQ Gradient A10 puriﬁca-
tion system (Millipore Ltd., UK) and had resistivity
P18.2 MO cm and total organic content 2–4 ppb. Dry and
room temperature nitrogen gas came from a liquid nitro-
gen reservoir. The mica used was Ruby Muscovite mica
(ASTM V-2, special grade) from S&J Trading Inc., New York.
EPON resin 1004F (Shell) was used to glue mica pieces
onto silica lenses. Silver shot (99.9999%) was purchased
from Sigma–Aldrich. Glassware was cleaned by soaking
them in piranha solution (H2O2:H2SO4 = 3:7 v/v) overnight
and rinsing with pure water thoroughly.
Cationic macroinitiator [27] was derived from a statisti-
cal copolymer (Mn = 6500, Mw/Mn = 1.25) of 2-(dimethyl-
amino)ethyl methacrylate (DMA) and 2-hydroxyethyl
methacrylate (HEMA) via esteriﬁcation with 2-bromoiso-
butyryl bromide and quaternisation with methyl iodide.
It is comprised of ca. 80 mol% quaternised repeat unitswhich adsorbs on negatively charged surfaces and
20 mol% 2-bromoisobutyryl ester initiator groups. Mono-
mer 2-(methacryloyloxy)ethyl phosphorylcholine (MPC)
(>98% w/v) was kindly offered by Biocompatibles Ltd.
(Farnham, Surrey, UK). Cu(I)Br (99.999%), Cu(II)Br2
(99.999%), 2,20-bipyridine (bpy, 99+%) and NaNO3
(99.995%) were purchased from Sigma–Aldrich. The chem-
icals above were used as received, while the MPC homo-
polymer (Mn = 22,000, Mw/Mn = 1.3) was used after
ﬁltration.2.2. Surface force balance (SFB)
The SFB technique is used to measure normal and shear
forces between polymer-modiﬁed mica surfaces in aque-
ous liquids, with detailed description given earlier [28–
31]. Two freshly-cleaved, atomically smooth mica sheets
are silvered at one side and glued onto optically polished
silica lenses that are later mounted in a crossed-cylindrical
conﬁguration. White light multiple beam interferometry is
employed to determine the surface separation D, mean
curvature radius of the mica surfaces R andmean refractive
index of the medium n(D) between surfaces. The bottom
surface sits on a pair of horizontal leaf springs, and the
top surface is mounted onto a sectored piezoelectric cera-
mic tube which is suspended by a pair of vertical leaf
springs. The shear motion is applied to the top surface by
applying equal but opposite voltages to the opposing outer
sectors of the piezoelectric tube, with shear velocity vari-
able over several orders of magnitude. The normal and
shear forces are measured by detecting the deﬂection of
horizontal and vertical springs via interference fringes
and an air–gap capacitor, respectively.2.3. X-ray photoelectron spectroscopy (XPS), X-ray
reﬂectometry (XRR) and atomic force microscopy (AFM)
XPS measurements were carried out using a standard
approach [32,33] in a Kratos AXIS-HS setup, using mono-
chromatic Al Ka source at 15 kV  5 mA emission current.
Base pressure was 1  109 torr and angle-resolved spectra
were recorded, ranging between normal (90) and 30
take-off angles. Low energy electrons (<2.5 eV) were sup-
plied via an electron ﬂood gun (eFG), stabilizing a homoge-
neous surface potential across the entire analysis area, and
hence preventing the evolution of differential charging ef-
fects. Beam induced damage was carefully inspected along
6 h irradiation, mainly expressed in slow desorption of
overlayer species. The presented data corresponds to the
limit of minimal damage. XRR measurements were also
performed in air at ambient humidity to determine mica-
grown polymer ﬁlm properties (i.e., thickness, scattering
length density and roughness), using a Bruker D8 X-ray
Reﬂectometer with an incident coherent Cu Ka X-ray beam
of approximately 8 mm  100 lm in cross section and
wavelength k = 1.54 Å at grazing incident angles. Tapping
mode AFM imaging was performed in air using an
MFP-3D™(AsylumResearch) to provide surface topography
information.
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coated mica
Freshly cleaved mica was functionalised by incubating
in 0.2% w/v aqueous solution of cationic macroinitiator
for a desired period of time 20 min or 2 h, gently with-
drawn from the solution and rinsed thoroughly with pure
water. The surfaces were then sealed in a stainless steel
chamber and dried overnight in the presence of P2O5.
Polymerisation of zwitterionic monomer MPC was con-
ducted on the initiator-coated mica surface by using ATRP
in an oxygen-free aqueous solution at room temperature
(Fig. 2) [26]. The synthesis setup suitable for SFB experi-
ments is illustrated in Fig. 3. Deoxygenated water was in-
jected through a sealing septum to a pre-evacuated
Schlenk tube to dissolve CuBr, CuBr2 and 2,20-bipyridine,
and after thorough stirring and bubbling with nitrogen,
this catalyst solution was transferred to another Schlenk
tube containing the MPC monomer followed by further
stirring and bubbling. The concentration in the ﬁnal
mixture was [MPC] = 1.33 mol/L with the ratioO P
O
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O
N
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Fig. 2. Polymerisation of MPC: (a) attachment of a cationic macroinitiator on
(adapted from [26]).[MPC]:[CuBr]:[CuBr2]:[2,20-bipyridine] = 60:0.9:0.1:2. The
well-mixed and degassed monomer/catalysts solution
was then transferred into a glass chamber to submerge
the pre-initiated mica surfaces. After 1.5 h in an oxygen-
free environment, the polymerisation was terminated by
lifting the surfaces out of solution, rinsing thoroughly with
pure water, and drying overnight with P2O5. The poly(MPC)
layer prepared under these conditions is denoted 20–1.5 or
2–1.5 pMPC, which indicates 20 min or 2 h macroinitiator
incubation time and 1.5 h polymerisation time, and these
times could be adjusted to control the grafting density
and ﬁlm thickness.
2.5. Force measurement procedures
Measurements were carried out at room temperature
(24–26 C). Bare mica surfaces were brought into adhesive
air contact in the SFB to establish the zero separation
D = D0 = 0 ± 0.3 nm (calibration). The surfaces were then
dismounted from the SFB for macroinitiator adsorption
and subsequent surface-initiated polymerisation. AfterMica
- - - - - -
+ + + + + +
Br Br BrBr
Br Br
(b) Initiation
olymer growth
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- +
+ -
- +
 -
- +
+ -
-
+
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to freshly cleaved mica, (b) initiation of ATRP, and (c) polymer growth.
N2
Vacuum
Schlenk tube
Transfer
Fig. 3. Polymerisation setup for SFB experiments. Catalyst solution is
mixed in a Schlenk tube in an oxygen-free environment and transferred
to a second pre-evacuated Schlenk tube containing the monomer.
Subsequently, this mixture is added to submerge the pre-initiated mica
surfaces housed in the oxygen-free glass chamber where polymerisation
takes place.
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and brought close to contact in P2O5-dried air to examine
surface purity and determine the thickness of macroiniti-
ator or pMPC layer on mica. Pure water (ca. 15 ml) was
introduced to the SFB liquid cell to immerse the surfaces
separated at a 2 mm distance, and normal and shear force
measurements were performed after allowing some time
for thermal stabilisation. The surface forces were also
measured in the presence of salt by replacing water with
10 mM NaNO3 aqueous solution and further increasing
the concentration to 0.1 M. Control experiments were
undertaken separately (see the illustrations in Fig. 8): nor-
mal forces were measured between bare mica in pure
water; in a different experiment, force measurements
were performed between macroinitiator-coated (20 min
incubation) mica across pure water and then across 0.3%
w/v MPC homopolymer aqueous solution following 13 h
incubation.3. Results
3.1. Characterization of macroinitiator and pMPC on surfaces
Angle-resolved XPS spectra for the adsorbed macroiniti-
ator and surface-grown pMPC layers on mica were re-
corded using a standard approach [32,33] over a range of
take-off angles (30–90). The measurements conﬁrmedTable 1
XPS of 20–1.5 pMPC grown on mica. (adapted from [26]).
Elements P C
C–C C–O/
Binding energy (eV) 133.3 285.1 286–
Concentration (%) 5.3 16.4
Measured ratio 1.0 3.1
Stoichiometric ratio 1 3
a Values in range 5.5–6.1.the macroinitiator adsorption with an estimated dry thick-
ness of (0.4 ± 0.1) nm on the mica. Its adsorbed amount
and layer thickness were also evaluated by neutron reﬂec-
tometry on a corresponding silica surface under water.
Both measures indicate an essentially ﬂat, quite densely
packed adsorption of the macroinitiator on the surface
with a calculated mean area of (4.2 ± 1) nm2 per bromo-
initiator group [26].
Table 1 summarises the XPS results at normal take-off
angle for 2–1.5 pMPC brushes after identifying oxidation
states of carbon and resolving the oxygen of the polymer
layer from that of the substrate by divergent binding ener-
gies. The appearance of phosphorus signal conﬁrms the
growth of pMPC. In its last two rows the atomic concen-
trations are normalized with respect to phosphorus (=1).
The close agreement between the measured and stoichi-
ometric atomic ratios conﬁrms the presence of the poly-
mer on the surface. The angle-resolved XPS has been
widely used for estimating the thickness of a uniform,
homogeneous overlayer on ideally planar substrate.
Evaluation of the polymer ﬁlm thickness via attenuation
of the photoelectron signal yielded a thickness of
4 ± 0.5 nm, which is close to the true dry value: this is be-
cause in the ultra-high vacuum environment (109 torr) of
the XPS chamber most if not all of the water is removed,
as conﬁrmed directly by the XPS-measured oxygen con-
centration in the pMPC layer. The thickness of the 20–
1.5 pMPC layer was also measured via interference fringes
of equal chromatic order (FECO) in a P2O5-dried mica SFB
cell. The fringes are shown in Fig. 4a and b, revealing a
thickness of 6.7 ± 0.3 nm per brush layer. This polymer is
known to be extremely hygroscopic and so the brush is
partially swelling due to uptake of hydration water from
the ambient atmosphere prior to being mounted in the
cell [26].
The XRR technique was also applied to characterise
polymer nanoﬁlms on mica (30–100 lm in thickness and
4  4 cm in size) using a simple, innovative method of
bending mica to surmount the difﬁculty in obtaining ﬂat-
ness over a large area [34]. Fig. 5 shows reﬂectivity versus
momentum transfer Q for 20–1.5 pMPC ﬁlm on mica in
ambient air, after active area correction and subtraction
of background scattering obtained from off-specular scan
over the same integration time. The fringes are ﬁtted using
a uniform 3-layer model and reﬂectivity is calculated by
Parratt algorithm to compare with experimental data
when varying the characteristic parameters for each layer
including layer thickness, refractive index and apparent
roughness. This yields a total thickness of 12.2 nm forN O
C–N O@C–O
288 289.1 402.7 532.5
37.7 6.07 5.32 29.2
7.12 1.15 1.0 5.52a
7 1 1 6
Fig. 4. FECO fringes between half-silvered mica surfaces in P2O5-dried air
before (a) and after (b) pMPC polymerisation from the mica. The shift to
the right of the fringes in (b) corresponds to a 6.7 nm pMPC layer on each
mica surface. Hg green is the mercury green emission line used to
calibrate the wavelengths of the FECO fringes. (adapted from [26]).
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Fig. 5. XRR data in ambient air for 20–1.5 pMPC on mica. The ﬁt to the
data corresponds to a 12.2 nm thick layer. (adapted from [26]).
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than the dry thickness determined via XPS, which we
attribute to increased uptake of water by the hygroscopic
pMPC in the ambient conditions of the XRR. A longer mac-
roinitiator incubation time also yields denser and therefore
thicker layers for a given polymerisation time, while – for a
given macroinitiator incubation time – a longer polymeri-
sation time results, as expected, in thicker layers. This is
clearly seen in Fig. 6, showing the reﬂectivity curve ac-
quired for 20-overnight pMPC after 20 min incubation (as
for Fig. 5) and about 20 h polymerisation (compared with
2 h in Fig. 5), where the fringes are considerably more
crowded and give the ﬁtted thickness of 28.2 nm. The high
thickness of 20-overnight pMPC is attributed to uptake of
humidity beyond just the hydration of the monomers,
leading to the solvation and slight swelling of the pMPC
brush for which water is a good solvent. Its improved sur-
face smoothness is demonstrated by AFM image in air
(Fig. 7).Q / (Å-1)
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Fig. 6. XRR data in ambient air for 20-overnight pMPC on mica. The ﬁt to
the data corresponds to a 28.2 nm thick layer.
Fig. 7. AFM image of 20-overnight pMPC on mica in ambient air.
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coated mica surfaces
Control studies of the normal forces (Fn) and shear
forces (Fs) between macroinitiator-coated mica surfaces
were carried out as a function of their absolute separation
D and their sliding velocity ms [Fn(D) and Fs(D, ms), respec-
tively]. Measurements were undertaken both in pure water
and subsequently in 0.3% w/v MPC homopolymer solution
in order to compare with the results between solvated
pMPC brushes. Normal forces results of these controls0.1
1
10
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)
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Fig. 8. Control studies: normal force Fn versus separation D proﬁles (A)
and shear force Fs measurements (B and C) between bare mica and
between macroinitiator-coated mica surfaces across water and across a
MPC homopolymer solution. (A) The triangles show forces between bare
mica in pure water on approach (normalized as Fn (D)/R, where R  1 cm
is the mean surface curvature radius). The data is ﬁtted with the
Derjaguin–Landau–Vervey–Overbeek theory, based on a numerical solu-
tion of the nonlinear Poisson–Boltzmann equation[52] for a 1:1 electro-
lyte concentration c = 5  105 M, with constant surface potential
w0 = 80 mV, and Hamaker constant A = 2  1020 J (the dashed line).
Solid and open circles indicate Fn(D) proﬁles between macroinitiator-
coated (20 min incubation) mica in pure water on approach and
separation, respectively. Solid and open diamonds indicate proﬁles
between the macroinitiator-coated mica following 13 h incubation in
0.3% w/v MPC homopolymer (Mw = 22,000, Mw/Mn = 1.3) aqueous solu-
tion on approach and separation, respectively. The solid line is a guide to
the eye. The illustrations show schematically the conﬁgurations corre-
sponding to the three control measurements. (B) Typical Fs versus time
traces collected between macroinitiator-coated mica surfaces in water at
different separations in response to applied lateral motion of the top mica
surface. (C) Summary of friction force Fs versus load Fn, extracted from
traces as in (B) between macroinitiator-coated surfaces in water (open
triangles) and in 0.3% w/v MPC homopolymer solution (solid triangles);
the solid line corresponds to friction coefﬁcient l = 0.33.(adapted from
[25]).(Fig. 8A) reveal that the free MPC homopolymer does not
adsorb onto the macroinitiator-bearing mica from aqueous
solution, which conﬁrms that the pMPC layer subsequently
grown from the surface forms a true brush i.e. non-adsorb-
ing pMPC chains tethered by one end only to mica sub-
strate. Fig. 8B and C shows the high friction (l = 0.33)
associated with the macroinitiator alone before the grow-
ing of the polymer layers [25].
3.3. Surface force measurement between two pMPC brushes in
aqueous solvents
Brushes of the polymer poly[2-(methacryloyloxy)ethyl
phosphorylcholine] (pMPC) were grown directly from the
surfaces of macroinitiator-coated mica sheets that were
pre-mounted onto cylindrical lenses for surface force
balance (SFB) measurements. Fn(D) and Fs(D, ms) proﬁles
between the brush layers were measured in water and
in aqueous NaNO3 solutions up to physiological salt0.1
1
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(m
N
/m
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Fig. 9. (A) Normal interactions (normalized as above) between 2–1.5
pMPC brush-coated mica surfaces across water (circles) and across
aqueous salt solutions (triangles, 8.7 mM NaNO3; diamonds, 88.6 mM
NaNO3). Solid and open symbols indicate compression and decompres-
sion, respectively. From a ﬁt to the data (solid curves) we estimate mean
interanchor spacing s = 3.5 ± 1 nm and unperturbed brush-heights
L = 37 ± 5, 28 ± 5 and 25 ± 5 nm for the solvated brushes at respective
increasing salt concentrations. The dashed part of the ﬁtting curves shows
the regime where the measured forces cannot be described by the scaling
theory [35,36]. The brush chain polydispersity is estimated at ca. 1.2 [26].
The pMPC brush-like conﬁguration and its monomer structure are also
shown in the main plot. The broken and dotted curves summarize the
brush-free controls between bare mica and between macroinitiator-
coated mica respectively from Fig. 8. (B) Equal chromatic order interfer-
ence fringes revealing the ﬂattening of the mica surfaces at a high load,
indicated by the arrow in (A). (C) The schematic conﬁguration corre-
sponding to (B) with contact area A ﬃ pr2. (adapted from [25]).
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Fig. 11. Summary of friction Fs versus load Fn between pMPC brush-
coated surfaces for both 20–1.5 (circles) and 2–1.5 (triangles) brushes
across water on compression (solid symbols) and decompression (open
symbols); within the scatter there is little systematic difference between
these two brushes. Note double logarithmic scale; the solid ﬁtting curve
corresponds to a friction coefﬁcient l = 0.00043. Inset: The same data on
a linear scale; the solid line at Fn > 1.5 mN corresponds to the same
friction coefﬁcient as in the main ﬁgure. In the absence of pMPC brushes,
the friction between macroinitiator-coated surfaces (shown as the dotted
line) rises sharply upon load. The arrows indicate the maximal loads
applied in the polyelectrolyte brush friction study [6]. (adapted from
[25]).
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ﬁles between pMPC brush-bearing mica surfaces in the
standard crossed cylinder SFB conﬁguration, in pure water
and at 0.01 M and 0.1 M salt concentrations (the pMPC
brush and monomer structure are shown in Fig. 9A, inset).
There is a long-range steric repulsion that monotonically
increases with decreasing D. Contraction of the pMPC
brushes upon adding salt is clearly seen from the decrease
in the onset distance of measured forces and the shift of
the force proﬁles to smaller separations. The maximum
normal loads Fn applied are some two or more orders of
magnitude higher than in earlier brush studies using the
SFB. This leads to substantial ﬂattening at the contact
region, as indicated in the photo of the interference fringes
(Fig. 9B and schematically in Fig. 9C), from which the con-
tact area A between the surfaces is measured directly (the
mean pressures P across the ﬂattened contact area are
given by P = Fn/A). Comparison with the control proﬁles
from Fig. 8 in the absence of polymer brushes (broken
and dotted curves in Fig. 9A) reveals the extension of the
unperturbed brushes from the macroinitiator layer, while
ﬁts to the force proﬁles provide more detailed information
on the brush characteristics. We note the similarity of the
proﬁles on approach and separation of the surfaces and
also in the ﬁrst and subsequent compression–decompres-
sion cycles (no hysteresis, characteristic of brush interac-
tions), and particularly their insensitivity to repeated
shear up to the highest compressions, revealing the robust-
ness of the layers to friction and shear-off.
Fig. 10 presents evolution of the shear traces of Fs versus
time as two 2–1.5 pMPC brushes slide past each other at
increasing compression ratios (corresponding to decreas-
ing surface separations) in 0.1 M salt solution, taken di-
rectly from the SFB. The shear forces remain very weak,
below the noise-limited sensitivity of the SFB, up to mean
contact pressures of ca. 2–2.5 MPa, and then increase mea-A
B
C
D = 13.3 nm
D = 10.4 nm
E
D D = 9.0 nm
D = 8.4 nm
Lateral 
motion
β = 3.8
β = 4.8
β = 5.6
β = 6.0
Fig. 10. Typical shear force Fs versus time traces between pMPC-coated mica su
0.1 M salt solution. Trace A is the lateral motion applied to the top surface, wher
surfaces at the compression ratios b (=2L/D) shown. (adapted from [25]).surably with load up to the largest loads applied. Such
traces are characteristic of all pMPC brushes and salt1 s
Δx0 = 847 nm
Fs 4 μN
Fs 40 μN
(B)
(C-E)
rfaces taken directly from the SFB. The given example is 2–1.5 brushes in
eas traces B–E are the corresponding shear forces transmitted between the
Table 2
Friction coefﬁcients between pMPC-coated mica surfaces sliding past each
other under mean pressures P in the range of 2–7.5 MPa at different salt
concentrations. (adapted from [25]).
Aqueous solution l = (oFs/oFn)P = 2–7.5 MPa
Pure water 0.00043 ± 0.0001
0.01 M NaNO3 0.001 ± 0.0004
0.1 M NaNO3 0:0026þ0:00050:001
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Fig. 12. Typical variation of Fs with ms between 2–1.5 pMPC brushes in
100 mM NaNO3 solution at different compressions. Surfaces were
sheared on approach at D = 13.3 nm (solid triangles), 10.4 nm (crossed
circles) and on separation at D = 8.5 nm (open triangles), 10.0 nm (crossed
squares). (adapted from [25]).
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unchanged with time indicates no detectable wear of the
layers over the range of parameters studied. Typical results
of variation of shear or friction force Fs with load Fn are
plotted in Fig. 11. The friction coefﬁcient (taken as the
slope of the Fs versus Fn plot) l  0.00043 between pMPC
brushes across water is remarkably low compared to
l  0.3–0.4 in the absence of brushes. Table 2 summarises
all the shear force results and shows that the friction
coefﬁcient l is in the range of values l  (1.5 ± 1)  103
up to the highest mean contact pressures applied,
P  7.5 MPa (75 atmospheres). The values of l, though
remaining very low, are seen to increase slightly within
this range as the salt concentration increases. The variation
of the shear force with sliding velocity ms is shown in
Fig. 12, revealing a weak Fs(ms) dependence over 2–3 orders
of magnitude in ms [25].4. Discussion
The Fn versus D proﬁles between pMPC brushes can be
ﬁtted only at large separations using the Alexander-de
Gennes scaling theory [35,36]. This is because this scaling
prediction is based on the assumption of a semi-dilute re-
gime so that segment osmotic pressure can be regarded as
a local property. But upon further compression, thesolvated polymer chains in the contact zone start to fall
into the concentrated regime and they should be treated
by the Flory–Huggins mean-ﬁeld theory [37,38] with the
expression for the osmotic pressure as
PF ¼ kBTa3
/
N
þ 1
2
t/2 þ 1
3
w2/3
 
ð1Þ
where kB is Boltzman’s constant, T is the temperature, a is
the monomer size, N is the degree of polymerisation, / is
the monomer volume fraction, t (t = 1–2v) and w are the
second and third virial coefﬁcients, and v is the Flory inter-
action parameter characteristic of solvent quality. At high
compressions, the third order term dominates the osmotic
pressure PFð/Þ  /3, where the monomer volume fraction
/ is proportional to D1, assuming uniform distribution of
segments in the intersurface gap. Since the osmotic pres-
sure dominates over the elastic free energy at small
separations, the interaction free energy per unit area be-
tween brush bearing parallel plates is given by
WFðDÞ 
R
PFð/Þd/ 
R
D3dD  D2. This is in agreement
with the approximate D2 dependence of the normal forces
between highly compressed pMPC brushes (Fig. 9).
The salt-induced contraction of pMPC brushes is quali-
tatively similar to polyelectrolyte brush behavior, but of
much weaker extent [8]. On a ﬁrst consideration this is
puzzling, because the zwitterionic brushes are essentially
neutral brushes, since the PC headgroup in each side-chain
consists of one anionic phosphate ðPO4 Þ and one cationic
choline (C2H4N+(CH3)3) group that are both incorporated
into the polymers. This differs from polyelectrolyte
brushes which may be swollen by free counterions in the
brush layer [39]. One possible explanation is to consider
that the mica surface charge is overcompensated by mac-
roinitiator adsorption: this small shrinking (DD 10 nm)
may then be attributed to the counterions released from
macroinitiator-coated mica surfaces underneath pMPC
brushes. If we roughly assume one counterion per nm2
(1e/nm2), suggested by the normal force proﬁle in Fig. 8,
the mean counterion concentration inside a 40 nm thick
brush is estimated to be 40 mM. The counterion concen-
tration will decay to a value below 40 mM in the outer part
of brushes, and so the brushes (i.e. their outer part) may
contract somewhat when in contact with 10 mM and
100 mM bulk salt solutions. Surface charge density of func-
tionalised mica varies with the time of incubation in mac-
roinitiator solution, leading to a different brush response to
an increase in electrolyte concentration. An alternative
interpretation concerns the level of hydration of the MPC
monomers at different salt concentrations; as the PC head-
group per monomer carries a tightly bound hydration layer
[40,41], the excluded volume effect arising from hydration
sheaths may also contribute to the total osmotic pressure,
as it is known [42] that salt induces dehydration to some
degree and this may result in weaker repulsion. There is
probably no extensive dehydration, however, since the
shear measurements between pMPC brushes in salt solu-
tions with concentrations up to 0.1 M consistently show
extremely low friction and the hydration sheaths are
considered to play the major role in lubrication under
extreme loads. Nonetheless, the idea of some dehydration
520 M. Chen et al. / European Polymer Journal 47 (2011) 511–523is consistent with the small but systematic increase of the
friction coefﬁcient with increasing salt concentration, as
seen in Table 2.
Our studies show clearly that robustly attached brushes
of pMPC, a polyzwitterion whose monomers carry the
highly-hydrated, biomimetic phosphorylcholine (PC) head-
group can reproduce the physiologically low values of the
synovial friction coefﬁcient (l of order 0.001) at the mean
pressures pertaining to mammalian joints. Earlier studies
of charged brushes considered the molecular origin of their
remarkable lubricating properties to be due to a combina-
tion of factors. At low to moderate pressures, interpenetra-
tion/entanglement of the mutually compressed brushes
was limited by entropic (excluded volume) conﬁgurational
effect [3,10,43], though at the much higher compressions
of the present study we attribute the effect of such inter-
penetration during sliding to self-regulation within the
interfacial region [7,10]. On the basis of the proposed
mechanism, the mutual interpenetration zone of sliding
brushes, where the viscous dissipation leading to frictional
drag occurs, varies so that the relaxation rate of the poly-
mer moieties within it roughly equals the shear-rate of
the zone. Such self-regulation is in line with the observed
weak shear velocity dependence of the friction at high
loads shown in Fig. 12. This is because at higher sliding
velocities ms, the extent of brush interpenetration decreases
so that the overall frictional drag varies much more weakly
with increasing ms than if the interpenetration zone re-
mained at constant thickness.
This is illustrated in Fig. 13, and is shown by the
following approximate treatment: according to the self-
regulation mechanism [7], the thickness d of the interpen-
etration zone varies so that the relaxation rate (1/s(d)) of
the moieties within it equals the shear rate (ms/d) within
the zone when the surfaces slide past each other with
velocity ms. i.e.
ðms=dÞ ¼ ð1=sðdÞÞ ð2Þ
Under those conditions the moieties, with degree of
polymerization n(d), will adopt an unperturbed conﬁgura-
tion (strictly, an extended conﬁguration appropriate for a
brush conformation, see e.g. the treatment in Ref. [44], but
we simplify here to emphasize the essential point), so that
d ¼ nðdÞma ð3Þ
where a is the monomer size and the exponent m is either
(1/2) or (3/5), the former for a theta-solvent or a melt, andFig. 13. Schematically illustrating the decrease in width d of the interpenetratio
from ms1 to ms2, for a given compression of the surfaces. (see also text and Eqs. (the latter for a good solvent. Moreover, the relaxation time
s(d) = s(n(d)) of the moieties can be related to n(d) itself
and to the concentration of monomers in the interpenetra-
tion zone. These relations allow closure, and enable the
variation of d with ms and indeed of the frictional dissipa-
tion with ms to be evaluated. Several different scenarios
are possible, depending on the monomer concentration in
the interpenetration zone, whether free-draining or non-
free draining dynamics are considered, and on the solvency
conditions [38]. A full treatment is beyond the scope of this
paper, but if, as an illustration, we consider the simplest
case of free-draining (Rouse-like) dynamics of the moieties
and ideal chain conﬁguration (i.e. m = (1/2)), as well as rel-
atively dilute monomer concentration in the interpenetra-
tion zone, then [38]
sðdÞ ¼ sðnðdÞÞ  nðdÞ2s1 ð4Þ
where s1 is a microscopic segmental relaxation time
depending on the local mobilities in the interpenetration
zone, but independent of n, d or ms (strictly one should al-
low for the fact that the chain moieties within the inter-
penetration zone are ‘tethered’ at one end, which
increases their relaxation time relative to free Rouse chains
[44], but does not change the basic model). From Eqs. (2)–
(4) we may obtain, for this simpliﬁed set of conditions, that
d  (a4/mss1)1/3; that is, the extent d of the interpenetration
zone clearly decreases with increasing ms. Other conditions
(e.g. non-free draining or Zimm-like dynamics, or good sol-
vent conditions, so that m = (3/5)), yield somewhat different
relations, but all show that d decreases with increasing ms,
as illustrated in Fig. 13. Likewise, it is straightforward to
show that the viscous frictional dissipation within the
sheared interpenetration zone varies more weakly with
the shear velocity ms than the linear relation expected from
shear of a Newtonian ﬂuid between two plates, in line with
the weak dependence seen in Fig. 12.
At higher pressures (though still very much lower than
in the present work) lubrication by charged brushes was
also attributed to counterion osmotic pressure [6], to-
gether with the lubricating action of hydration layers sur-
rounding the interpenetrated charged monomers. In the
present study, the overall-neutral zwitterionic chains have
no counterions associated with them so that osmotic pres-
sure due to trapped counterions cannot be playing a role
(the effect of any counterions associated with the residual
charge of the underlying macroinitiator-coated mica is
negligible). Therefore, at the highest compressions whenn zone between sliding polymer brushes as the sliding velocity increases
2)–(4)).
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brush interpenetration, the primary mechanism underly-
ing the remarkably low friction observed must be attrib-
uted almost exclusively to the high level of hydration of
the zwitterionic PC groups on the monomers. These are
known to bind around 15–25 or more water molecules
per monomer (depending on the method of measurement)
[22,40,41,45]. Similar strongly-bound hydration layers
about such PC-coated biomaterials are also held responsi-
ble for preventing nonspeciﬁc protein adsorption on their
surfaces [40,46]. This hydration effect can also compensate
for any polymer structural defects, as in situ surface-grown
polymers are usually polydispersed, leading to unevenness
in the chain distribution at the outer extremity of brushes
and so relatively high mutual interpenetration.
The lubrication by hydration sheaths, commonly now
referred to as ‘hydration lubrication’, was ﬁrst formulated
following a study of hydrated salt ions trapped between
charged surfaces [47]. It is attributed to the tenacity of
the bound hydration layers that gives rise to strong
short-ranged repulsion [48] and so the ability to support
a large pressure, together with the ﬂuidity, i.e. the fast
translational and rotational dynamics, of water molecules
in the hydration layers and their rapid exchange with other
hydration or free water molecules, even under extreme
conﬁnement [49,50]. One recent study reveals that addi-
tion of water can signiﬁcantly ease the sliding between
surface-attached amphiphilic surfactant layers when in
adhesive contact, in contrast to the observation of high
friction in dry air [51]. This is attributed to the ﬂuid hydra-
tion layers that form under water about the anchoring qua-
ternary ammonium headgroups, which facilitate a shift of
the slip plane from the surfactant–surfactant mid-plane
(in air) to the surfactant–substrate interfaces (in water).
This conﬁrms the important role of hydration effects in
boundary lubrication, which depends on the nature of en-
closed ions such as their water binding capacity and the
mobility of water molecules in the hydration sheaths.
Therefore, it is believed that the tenaciously held hydration
sheaths about PC headgroups act in some sense as molec-
ular ball-bearings in the same way in the present study be-
tween strongly compressed polyzwitterion brushes, i.e.,
the hydration effect is the origin of the low friction in the
present system. The slight increase in the friction coefﬁ-
cient with increasing salt concentration, Table 2, may, as
noted earlier, be attributed to some salting-out of the
MPC monomers at the higher salt concentration, as ob-
served in other PC systems [42], leading to reduced hydra-
tion of the monomers and thus a less efﬁcient lubrication.5. Conclusions
By designing polymer surface layers that simulta-
neously combine the desirable properties of both the
supramolecular structures of polymer brushes, together
with the highly hydrated structure of the phosphorylcho-
line-based monomer (MPC) repeat units, we have been
able to construct an exceptionally well-lubricating bound-
ary lubricant. The friction coefﬁcient between two sliding
surfaces, each bearing such a robust, grafted-from polymerbrush, remains as low as l  0.001 or lower at mean pres-
sures up to 7.5 MPa. These values and pressures are com-
parable to those between sliding articular cartilage
surfaces in human synovial joints, which are considered
‘nature’s benchmark’ of efﬁcient lubrication. We attribute
our ﬁndings to the exceptionally high hydration level of
the monomers, together with the ball-bearing-like action
of hydration sheaths in reducing friction, through the
hydration lubrication paradigm. Our results may have
implications for understanding lubrication in living joints
as well as for development of low-wear implants, and sug-
gest that hydration lubrication plays a major role in medi-
ating biological friction.
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